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SYSTEMIC IRON HOMEOSTASIS is achieved primarily by regulating the intestinal absorption of the metal and its recycling by macrophages (reviewed in Ref. 17) . The main control point is thought to be ferroportin (Fpn), a transporter mediating the export of iron from enterocytes or macrophages to the extracellular fluid and blood plasma. Highlighting the essential roles of ferroportin in iron homeostasis, mice lacking ferroportin died during embryonic development. If rescued by the selective expression of ferroportin in tissues mediating maternoembryonic iron transfer, mice survived but accumulated iron in macrophages, enterocytes, and hepatocytes and developed iron-restricted anemia (12) . Intestine-specific inactivation of ferroportin in mice, beginning at age 7 days, resulted in a severe anemia that could be corrected by parenteral iron administration, revealing a critical role for ferroportin in the iron-absorptive pathway (12) . Plasma-membrane expression of ferroportin is subject to regulation by hepcidin (reviewed in Refs. 17, 18, 37, 48) . This hormone, produced predominantly in the liver, is bound by ferroportin, an event that triggers the internalization and degradation of ferroportin (39) . Some human mutations in ferroportin cause impaired ferroportin delivery to the plasma membrane or decreased iron transport and result in macrophage iron retention whereas others render ferroportin insensitive to hepcidin and cause systemic iron overload (4, 13, 14, 24, 36, 42, 48) .
Although ferroportin was identified over a decade ago (1, 11, 31) , very little is known about how it works. As a first step in exploring its functional properties and molecular mechanisms, we established an assay to detect the functional expression of ferroportin in RNA-injected Xenopus oocytes, and directly examined its iron-transporting properties.
Iron loading was observed to induce increased ferroportin mRNA levels and plasma-membrane expression of ferroportin in macrophages and lung epithelial cells (3, 10, 45, 51) . Ferroportin expression in macrophages was also responsive to loading with other metals (including cadmium, copper, and zinc) (7, 45) , and manganese exposure stimulated ferroportin expression in HEK293T cells and mouse brain (52) , raising the possibility that ferroportin activity may protect against metalinduced cytotoxicity. These observations have prompted us to test the hypothesis that ferroportin is a cellular exporter of a broad range of transition metals that includes cadmium, copper, iron, manganese, and zinc.
MATERIALS AND METHODS
Reagents and media. Reagents were obtained from Sigma-Aldrich (St. Louis, MO) or Research Products International (Prospect, IL) unless otherwise indicated. Human ceruloplasmin was obtained from EMD Biosciences (Billerica, MA), and human hepcidin (25-amino acid hormone) was obtained from Peptides International (Louisville, KY).
Modified Barth's medium (MBM) contained 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3, 0.82 mM MgSO4, 0.75 mM CaCl2, 0.66 mM NaNO 3, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), buffered to pH 7.5 by using 2-amino-2-hydroxymethylpropane-1,3-diol (Tris base). Calcium-free MBM was prepared by equimolar substitution of CaCl 2 with additional MgSO4.
In transport assays, except as otherwise indicated in Fig. 2 , Xenopus oocytes were incubated in a medium (hereinafter "standard efflux medium") of composition 100 mM NaCl, 1 mM KCl, 1 mM CaCl2, 1 mM MgCl 2, 0.5 mM bathophenanthroline disulfonic acid (BPS), 1 mM nitrilotriacetic acid (NTA) trisodium salt, and 50 g/ml apotransferrin (ApoTf) (R&D Systems, Minneapolis, MN), buffered by using 0-5 mM 2-(N-morpholino)ethanesulfonic acid (MES) and 0 -5 mM N=,N=-diethylpiperazine (DEPP) (GFS Chemicals, Columbus, OH) to obtain pH 5.0 -8.5 as indicated.
Expression of human ferroportin in Xenopus oocytes. We performed laparotomy and ovariectomy on adult female Xenopus laevis frogs (Nasco, Fort Atkinson, WI) under 3-aminoethylbenzoate methanesulfonate anesthesia (0.1% in 1:1 water/ice, by immersion) following a protocol approved by the University of Cincinnati Institutional Animal Care and Use Committee. Ovarian tissue was isolated and treated with 3 mg/ml collagenase A (Roche Diagnostics, Indianapolis, IN) in calcium-free MBM for 3 h, after which defolliculate oocytes (Dumont stage V-VI) were selected and stored at 17°C in standard MBM with 10 mg/l gentamicin.
We expressed in Xenopus oocytes the human Fpn isoform 1A (the product of the human SLC40A1 gene) tagged at its COOH terminus with the enhanced green fluorescent protein, thus Fpn-EGFP. Fpn-EGFP cDNA (39) was subcloned into the pOX(ϩ) oocyte expression plasmid vector (29) between EcoRI and NotI under the SP6 promoter. We linearized Fpn-EGFP-pOX(ϩ) using SnaBI (New England Biolabs, Ipswich, MA) and synthesized RNA in vitro using the mMES-SAGE mMACHINE SP6 RNA polymerase kit (Applied BiosystemsAmbion, Austin, TX) according to the manufacturers' protocols. Oocytes were injected with ϳ50 ng of Fpn-EGFP RNA (at 1 g/l in water) and incubated in MBM with 10 mg/l gentamicin for up to 6 days before being used in functional assays. "Control" oocytes were noninjected.
Live-cell imaging of Fpn expression by confocal microscopy. We monitored the time course of Fpn-EGFP expression and its subcellular distribution by using live-cell imaging of RNA-injected Xenopus oocytes 0 -6 days postinjection (dpi). Oocytes in MBM were mounted on the Zeiss LSM 710 META confocal laser-scanning microscope. EGFP was visualized by using the C-45 Apochromat ϫ10/0. 45 To measure metal-ion efflux from oocytes expressing ferroportin, we adopted an approach we have used previously to assay aminoacid-dependent 86 Rb efflux from native oocytes (27) and [ 3 H]glutamate efflux from oocytes expressing the vesicular glutamate transporters (VGLUT) (28) . We injected control oocytes and oocytes expressing Fpn-EGFP (4 or 5 dpi except as indicated in Fig. 2A ) with 50 nl of metal radionuclide (*M, injectate concentration as indicated in figure legends) in vehicle of the following composition (except as noted below): 250 mM KCl, 5 mM NTA (added as nitrilotriacetic acid trisodium salt), and buffered to pH Ϸ 7.0 by MES (ϳ1 mM). As exceptions to this, NTA and MES were replaced by L-ascorbic acid and DEPP where annotated "Asci" (Fig. 2 , B and C) and NTA and MES were replaced by L-histidine and DEPP in solutions containing 64 Cu (Figs. 3 and 5B). After injection, oocytes were incubated in ice-cold MBM for 1-10 min before the start of the efflux assay.
To initiate the efflux assay, we placed oocytes in standard efflux medium at pH 7.5 unless otherwise indicated. Oocytes were then transferred individually in 200 l of medium to flat-bottomed wells of a 96-well plate and incubated 30 min (except as indicated in Fig. 4 , A and B) at 22-24°C (except as indicated in Figs. 6C, 7B, 8B). To terminate efflux, we removed 150 l of medium from each well for liquid-scintillation counting (0.75 ϫ N t). The corresponding oocytes were rinsed twice in ice-cold medium, solubilized with 5% SDS, and counted (N 0 Ϫ Nt) using Scintisafe-30% liquid-scintillation cocktail (Fisher Scientific, Pittsburgh, PA). We fit our data by Eq. 1 to obtain the first-order rate constant (k) for metal radionuclide (*M) efflux for individual oocytes; N 0 is counts per minute (cpm) in the oocyte at time 0, and Nt is cpm in the medium at time t ϭ 30 min (or other endpoints as indicated in Fig. 4, A and B) .
pH-dependence of iron efflux. First-order rate constants of 55 Fe efflux as a function of pH were fit by a 4-parameter Gaussian function (Eq. 2) in which pHoptm is the optimal pH (i.e., pH at which k is maximal), a ϭ (k max Ϫ kmin), and b is the standard deviation, which defines the width of the bell-shaped relationship such that k is half-maximal at pH ϭ (pH optm Ϫ b) and at pH ϭ (pHoptm ϩ b) (i.e., the inflection points).
Temperature dependence of iron, cobalt, and zinc efflux. We controlled incubation temperature by mounting a sealed 96-well plate in a water bath during the efflux period. We monitored actual temperature by using the TA-29 thermistor positioned in the efflux medium within the well and recorded from the CL-100 controller (both Warner Instruments, Hamden, CT). Metal efflux rate constants (k) obtained over the approximate range 15-30°C were fit by a modified Arrhenius function (Eq. 3) in which Ea is the Arrhenius activation energy, A is the y-intercept, R is the universal gas constant (1.987 cal·mol Ϫ1 ·K Ϫ1 ), and T is the absolute temperature.
Measurement of serum iron and zinc in mice treated with hepcidin. We examined the effect of hepcidin administration on serum iron and zinc levels in mice by using a protocol approved by the University of California, Los Angeles Office of Animal Research Oversight. Male C57BL/6 mice aged 7-8 wk were given intraperitoneally 50 g of human hepcidin in 100 l water, or water alone. We obtained sera 3-4 h after injection from terminal blood samples drawn by cardiac puncture in mice under isoflurane anesthesia. We analyzed serum zinc and iron concentrations by using colorimetric assays (Iron Assay Kit, Sekisui Diagnostics, Lexington, MA; Quantichrom Zinc Assay Kit, Bioassay Systems, Hayward, CA).
Statistical and regression analyses. We performed statistical analyses by using SigmaPlot (version 12; Systat Software) with critical significance level ␣ ϭ 0.05. We have presented our data as means and standard deviation (SD) for n independent observations and used parametric tests in their analysis. Oocyte metal-ion efflux rate constant data were fit by Eqs. 1-3 using the least-squares method of regression analysis, the results of which are expressed as the estimates of fit parameters Ϯ standard error (SE); r 2 is the regression coefficient and P then describes the significance of the fit. To test between-group comparisons and comparisons of fit parameters (Eq. 2), we performed Student's unpaired t-test, or one-way or multivariate analysis of variance (ANOVA) followed by pairwise multiple comparisons by using the Holm-Šidák test.
RESULTS

Expression and localization of EGFP-tagged human ferroportin in oocytes.
We expressed EGFP-tagged human ferroportin (Fpn-EGFP) in RNA-injected oocytes and examined the localization and time course of protein expression by using confocal laser-scanning microscopy ( Fig. 1) . No autofluorescence or reflectance was apparent in control (noninjected) oocytes under the conditions described. We observed faint fluorescence at or near some portions of the plasma membrane of oocytes injected with Fpn-EGFP RNA as early as 1 dpi. The fluorescence signal at the oocyte perimeter intensified at 2-3 dpi predominantly on the animal pole of the oocytes (the location of the animal pole was determined by visual inspection). The fluorescence signal extended around the entire oocyte perimeter by 4 dpi, peaked in intensity around 4 -5 dpi, and did not increase further by 6 dpi. Over this time course, we did not observe any intracellular fluorescence, indicating that nascent Fpn-EGFP is directed to the plasma membrane rather than accumulating in intracellular stores.
Radiotracer efflux assay to detect functional expression of human Fpn in RNA-injected Xenopus oocytes. We established an assay to detect the functional expression of Fpn in RNAinjected Xenopus oocytes. Expression of Fpn-EGFP stimulated by up to 300-fold the first-order rate constants (k) describing 55 Fe efflux compared with control oocytes.
Using the same oocyte preparation in which we monitored the time course of fluorescence associated with Fpn-EGFP expression ( Fig. 1 ), we observed a modest increase in 55 Fe efflux from oocytes expressing Fpn-EGFP compared with control oocytes at 1-2 dpi in the presence of NTA, BPS, and apotransferrin ( Fig. 2A) . Fpn-EGFP expression more robustly stimulated 55 Fe efflux rate constants at 3-6 dpi. In an independent preparation, 55 Fe efflux rate constants in oocytes expressing Fpn were increased relative to control Fig. 1 ; oocytes were injected on successive days and all assays, microscopy conducted on a single day.) B: effects of withholding (Ϫ) or adding (ϩ) 50 g/ml apotransferrin (ApoTf) and 200 U/ml ceruloplasmin (Crp) to efflux medium [pH 7.0, without bathophenanthroline disulfonic acid (BPS)] on Fe efflux from control oocytes and oocytes expressing Fpn-EGFP injected with 50 nl of 2 mM 55 Fe, 1 mM L-ascorbic acid (n ϭ 6 -12 per group). Three-way ANOVA revealed that the addition of ApoTf (interaction Fpn ϫ ApoTf, P Ͻ 0.001) or Crp (interaction Fpn ϫ Crp, P Ͻ 0.001) each increased k in a ferroportin-specific manner but that their effects did not depend on the presence of the other (no three-way interaction, P ϭ 0.35). C: effects of injectate (i) and extracellular (o) L-ascorbic acid and nitrilotriacetic acid (NTA) on Fe efflux from control oocytes and oocytes expressing Fpn-EGFP (n ϭ 9 -15 per group). Oocytes were injected with 50 nl of 5 M 55 Fe in injectate containing either 5 mM L-ascorbic acid (Asci) or NTA (NTAi) and incubated in efflux media containing either 5 mM L-ascorbic acid (Asco) or NTA (NTAo). Three-way ANOVA revealed a main effect of expression (P Ͻ 0.001); two-way ANOVA within Fpn indicated that k differed according to injectate chelater used (P Ͻ 0.001) but not extracellular chelater (P ϭ 0.13). Data from A, B, and C are from three independent preparations. oocytes under all conditions tested (NTA was present in all efflux media) (Fig. 2B) . Addition of human ApoTf or bovine ceruloplasmin to the efflux medium further increased the 55 Fe efflux rate constants in oocytes expressing Fpn. Since these conditions may mimic plasma-ceruloplasmin is a soluble plasma ferroxidase and transferrin, the plasma iron carrierthese observations are consistent with a role for Fpn in the cellular export of iron prior to its oxidation and handoff to transferrin.
Fpn-mediated 55 Fe efflux rate constants were higher when we included 5 mM NTA in the injectate than when we included 5 mM L-ascorbic acid (Fig. 2C) . This observation should not be interpreted to indicate the oxidation state of the transported form of iron since we cannot predict whether the radioactive iron was in the ferrous or ferric form on its arrival at the plasma membrane. In both cases, Fpn-mediated 55 Fe efflux rate constants in efflux media containing NTA did not differ from those in efflux media containing L-ascorbic acid (Fig. 2C) .
We subsequently included BPS, a potent transition-metal chelating agent, in the efflux medium to ensure adequate sequestration of the metal. When the media contained ApoTf, inclusion of BPS had no appreciable effect on 55 Fe efflux when oocytes were injected with 50 nl of 5 M 55 Fe, but it modestly accelerated efflux when we used higher injectate concentrations (50 -500 M 55 Fe) (data not shown). We found no isotope effect on ferroportin efflux activity. The first-order rate constants for ferroportin-mediated iron efflux did not depend on whether we used 55 Fe or 59 Fe (data not shown), an observation that validates the use of either radioisotope in assaying ferroportin activity in vitro or in vivo.
Based on these several observations, subsequent experiments were performed under assay conditions chosen to ensure the highest efflux activity relative to control (i.e., maximize the signal-to-noise ratio), specifically: 1) assays were performed at 4 -5 dpi, 2) radiotracer metal injectate solutions contained NTA, and 3) standard efflux medium contained BPS, NTA, and ApoTf. We elected not to use ceruloplasmin in subsequent experiments since its inclusion offered only limited improvement of the assay; ceruloplasmin increased the 55 Fe efflux rate constant but decreased to fourfold the signal-to-noise ratio compared with fivefold in its absence (both in the presence of ApoTf, Fig. 2B) .
Screening for metal substrates of ferroportin. As an initial screen for metal substrates of ferroportin, we measured radiotracer metal (*M) efflux over 30 (Fig. 3) .
In an effort to validate our assay, we examined 1) the kinetics of Fpn-mediated metal efflux and 2) the effect of semipermeabilization of the plasma membrane. We chose to monitor cobalt efflux since the rate constant of 57 Co efflux was similar to that of 55 Fe (Fig. 3) and cobalt is less prone to redox changes under the conditions presented than is iron. We found that cumulative (total) 57 Co efflux was linear up to 1 h, but was no longer linear at 2 or 4 h (Fig. 4A) . We found that measuring efflux at time points from 10 min (but not 5 min) provided reliable estimates of k (Fig. 4B) ; however, k was underestimated at 120 min and 240 min relative to 60 min. In all subsequent experiments, we measured metal efflux over 30 min.
In an independent preparation in which Fpn expression also stimulated 57 Co efflux from intact cells (Fig. 4C) , we found that the efflux rate constants were considerably higher in Fpn-expressing cells that had been semipermeabilized by using amphotericin B. This observation indicates that cellular efflux of the metal is the rate-limiting step described by the efflux rate constant in intact cells and not, for example, the dissociation of metal from intracellular proteins. Therefore, measurement of metal efflux up to 60 min from oocytes expressing Fpn provides a valid estimate of the rate of transport (efflux) mediated by Fpn.
To determine whether differences in metal-binding affinities of Fpn or intracellular metal-binding proteins could account for our failure to observe efflux of 109 Cd, 64 Cu, or 54 Mn at injectate *M concentration of 5 M (Fig. 3) , we further examined efflux of 109 Cd, 64 Cu, and 54 Mn over a broader concentration range. In the case of each radiotracer injected at 0.05 M, the radioactivity (cpm) appearing in the efflux medium was below the limit of detection, so data are not shown. Fpn expression (in preparations independent of that used in Fig. 3 ) did not stimulate efflux of 109 Cd, 64 Cu, and 54 Mn when these metals were injected at either 5 M or 500 M (Fig. 5) .
Functional characteristics of ferroportin-mediated iron efflux. Fpn-mediated 55 Fe efflux rate constants were dependent on extracellular pH (Fig. 6A ). Data were fit by a Gaussian function from which we predicted optimal pH (pH optm ) of 7.8 Ϯ 0.1 (SE) and an inflection point (midpoint) at pH 7.0 Ϯ 0.1.
We measured 55 Fe efflux rate constant as a function of injectate iron concentration over the range 0.5-500 M. Fpn expression stimulated 55 Fe efflux at all concentrations tested, and 55 Fe efflux rate constants were maximal at 0.5-5 M injectate 55 Fe concentration (Fig. 6B) . That the 55
Fe efflux rate constants were lower at elevated injectate 55 Fe concentrations (50, 500 M) demonstrates that Fpn-mediated iron efflux is saturable.
Fpn-mediated 55 Fe efflux was strongly temperature-dependent over the range 15-29°C (Fig. 6C) (Fig. 7A) concentration was 50 M. Fpn-mediated 57 Co efflux was strongly temperature-dependent over the range 17-28°C, with E a ϭ 20.7 Ϯ 1.4 kcal/mol (Fig. 7B) .
Fpn expression stimulated the efflux rate constants for 65 Zn at injectate concentrations of 5-500 M, with a peak around 50 M (Fig. 7C) ; however, we detected no Fpn-mediated 65 Zn efflux when 65 Zn injectate concentration was only 0.5 M. 65 Zn efflux was strongly temperature-dependent over the range 18 -27°C, with E a ϭ 20.5 Ϯ 1.8 kcal/mol (Fig. 7D) .
The Arrhenius activation energies (E a ) of metal efflux in oocytes expressing Fpn did not differ among the three metals: iron, cobalt, and zinc (P ϭ 0.18). The metal efflux rate constants for 55 Fe or 57 Co in Fpn-expressing oocytes were generally similar whereas 65 Zn efflux rate constants were considerably lower (see Figs. 3, 6, and 7) .
Effects of hepcidin on ferroportin-mediated metal efflux in oocytes. Treatment of oocytes for 24 h with 10 M hepcidin plus 100 M cycloheximide (the latter was used to inhibit protein synthesis de novo) inhibited Fpn-mediated 55 Fe efflux by 87% Ϯ 12% (SE) compared with cycloheximide alone (Fig. 8A ). This same hepcidin treatment also inhibited Fpn-mediated 57 Co efflux by 71% Ϯ 5% (SE) and abolished 65 Zn efflux in oocytes expressing Fpn (Fig. 8, B and C) . In an independent preparation (data not shown), we observed greater than 60% inhibition of Fpn-mediated 55 Fe efflux following 24 h of treatment with as little as 100 nM hepcidin (P Ͻ 0.001).
Effect of hepcidin treatment on serum iron and zinc levels in the mouse. Our observations that Fpn could mediate zinc efflux in the oocyte system and that such activity was hepcidinsensitive prompted us to examine whether hepcidin treatment in mice could decrease serum zinc levels. We observed a marked hypoferremia in mice within 4 h of administering hepcidin (Fig. 9A) . (Normalizing serum iron by the mean control serum iron in each of four trials was necessary to account for the high between-trial variability in serum iron of control animals.) In those same animals, however, hepcidin treatment had no effect on serum zinc levels (Fig. 9B) . 109 Cd (n ϭ 11-16 per group); in two-way ANOVA, Fpn did not differ from control (P ϭ 0.18). B:
64 Cu (n ϭ 10 -20 per group); two-way ANOVA revealed an interaction (P Ͻ 0.008); Fpn did not differ from control at injectate [
64 Cu] of 500 M (P ϭ 0.53), and Fpn was lower than control at 5 M injectate (P Ͻ 0.001). C:
54 Mn (n ϭ 11-16 per group); in two-way ANOVA, Fpn did not differ from control (P ϭ 0.60).
DISCUSSION
We have examined the functional properties of ferroportinmediated metal export by expressing ferroportin in RNAinjected Xenopus oocytes and measuring radiotracer metal efflux. Our results provide direct evidence of ferroportinmediated cellular efflux of iron, cobalt, and zinc. Ferroportin is thought to deliver iron to transferrin subsequent to iron oxidation by the membrane-bound ferroxidase hephaestin (in the enterocyte) or the plasma or membrane-bound ferroxidase forms of ceruloplasmin (2, 5, 6, 15, 35, 48) . We found that ferroportin iron-efflux activity per se does not require transferrin or ferroxidase since we could measure ferroportin activity in the absence of these proteins (provided that the efflux medium contained an iron chelator).
Rate constants describing iron efflux were maximal at extracellular pH 7.5-7.8, and efflux was inactivated at extracellular pH Ͻ 6.0. We therefore predict that acidemia or interstitial acidosis should modestly inhibit ferroportin activity whereas alkalemia or alkalosis should modestly accelerate ferroportin-mediated iron efflux. The extracellular pH range over which ferroportin activity varies in vitro points to the possibility that ferroportin activity could be regulated by extracellular pH via an effect on exofacial histidine residues since 1) the observed optimal pH coincides with the isoelectric point (pI) for histidine of 7.6 and 2) the inflection point at pH 7.0 is close to the expected pK a2 for histidine. Whereas pK a2 ϭ 6.0 for histidine in solution, its pK a2 can be as high as 7.0 in proteins. For example, the 12 titratable histidine residues in transferrin have average pK a2 ϭ 6.6 (53) . Ferroportin contains a histidine-rich region in its putative second extracellular loop (17) .
The iron-efflux rate constant was maximal when the oocyte injectate 55 Fe concentration was 0.5 M in a volume of 50 nl (see Fig. 6B ). Assuming an oocyte volume of 0.5-1.0 l (8, 19) , this corresponds to an optimal intracellular 55 Fe concentration in the order of 5 ϫ 10 Ϫ8 M to 1 ϫ 10 Ϫ7 M; however, the effective free concentration is expected to be lower as a result of binding by intracellular proteins, e.g., ferritin, ovalbumin. (We attempted to minimize the effects of intracellular binding proteins by ensuring that only a short time, i.e., 1-10 min, elapsed between radiotracer injection and the start of the efflux assay, and by limiting the efflux assay to within the linear phase.) The optimal intracellular 55 Fe concentration in our assay therefore provides an estimate of the upper limit of the apparent affinity constant for iron at the internal aspect of ferroportin, i.e., K 0.5 Fe Յ 10 Ϫ7 M. (At intracellular concentrations greater than K 0. 5 Fe , k is expected to decrease as the transporter approaches saturation.) Likewise (by using data in Figs. 7, A and C) we estimated apparent affinity constants (K 0. 5 Co , K 0.5 Zn ) for 57 Co and 65 Zn of Յ 5 ϫ 10 Ϫ6 M. Whereas the efflux rate constant for 57 Co was similar to that for 55 Fe, the efflux rate constant for 65 Zn was much lower (Fig. 3) . Comparison of the ratios V max /K 0.5 (i.e., "specificity constant") for each transported substrate permits a description of a transporter's substrate selectivity. Assuming that the binding capacity of intracellular proteins (ferritin, ovalbumin, metallothionein, etc.) is roughly similar for each of the metals then, by substituting for V max the maximum observed efflux rate constant k (from Fig. 3) , we judge the order of ferroportin substrate selectivity to be as follows: Fe Ͼ Co Ͼ Zn.
We found that ferroportin does not transport cadmium, copper, or manganese. Our observation that ferroportin does not transport cadmium is consistent with the finding that cadmium does not exit renal tubular cells towards the extracellular fluid or blood plasma despite the expression of ferroportin on basolateral membranes (50) . Cadmium is thought to gain entry to tubular cells 1) by megalin-dependent endocytosis of cadmiummetallothionein followed by transport of cadmium into the cytoplasm by divalent metal-ion transporter-1 (DMT1), or 2) by apical uptake of cadmium by DMT1 or the Zrt-/Irt-like metal-ion transporters ZIP14, ZIP8, and its accumulation in tubular cells leads to nephropathy (16, 20, 43, 47, 49) .
Whereas we found that manganese is not a ferroportin substrate, one group of investigators has reported that ferroportin can also function as a manganese exporter (30) . Those investiga- tors measured
54
Mn efflux from RNA-injected oocytes over 4 h, well beyond the limit (1 h) of linear 57 Co efflux that we observed for oocytes expressing ferroportin (see Fig. 2A ). In that same study, investigators expressed metal export as a flux (pmol/4 h); however, a flux is only meaningful when the cis-concentration of the substrate is known and remains unchanged during the time course of the assay (we have described efflux instead as a first-order rate constant). Both of these maneuvers are likely to underestimate iron efflux relative to manganese efflux. In addition, three other observations in the study just cited create some doubt on the interpretation that ferroportin transports manganese: 1) the 2-h accumulation of 1 M 54 Mn did not differ between oocytes expressing DMT1 alone and DMT1 plus ferroportin (DMT1 was used to load the oocyte with 54 Mn); 2) efflux of ϳ16 M 54 Mn from oocytes expressing Fpn was cis-inhibited by a sixfold excess concentration of iron by only ϳ15% whereas such an excess should afford a much stronger inhibition if the transporter were shared by both metals (46) (the effect of iron in control oocytes was not shown); and 3) 54 Mn efflux from oocytes expressing ferroportin was trans-inhibited by unlabeled iron or manganese whereas unlabeled substrates sharing a transporter system are expected to trans-stimulate radiotracer flux (44, 46) . Nevertheless, in 2 out of a total of 11 independent trials (data not shown), and only when we injected 0.5 mM 54 Mn, we found the 54 Mn efflux rate constant (k) to be significantly (P Ͻ 0.05) higher in ferroportin-expressing oocytes than in control oocytes (in another trial at 0.5 mM, ferroportin was significantly lower than control). Since the rate of 2 out of 11 trials exceeded the expected false positive rate of 5% (we set ␣ ϭ 0.05), we considered whether the absolute difference in k was meaningful. The average increase in k (0.5 mM 54 Mn injectate) was 0.37 ϫ 10 Ϫ3 min Ϫ1 , from which we might estimate a specificity constant (V max /K 0.5 ) for manganese some three orders of magnitude lower than that for iron. That is, ferroportin expression produced no meaningful increase in the magnitude of the manganese flux, and the predicted apparent affinity of ferroportin for manganese was extremely low compared with iron, such that any ferroportin-mediated manganese transport should be trivial at most. Manganese should therefore not be considered a physiological substrate of ferroportin. The possibility that ferroportin might transport manganese under conditions of cellular manganese loading would require further testing.
Ferroportin-mediated iron efflux was strongly temperaturedependent. The activation energy (E a ) of 17 kcal/mol lies within the range of E a (roughly 10 -40 kcal/mol) commonly observed for membrane transporters, i.e., uniporters, symporters, or antiporters (26) , whose transport cycles comprise several conformation changes. In contrast, ion channels are thought to undergo fewer conformational changes than do transporters, and generally exhibit E a Ͻ 10 kcal/mol. Supporting the transporter model of ferroportin, metal effluxes appeared to be saturable processes (Figs. 6B and 7A) .
The observation that the activation energies of metal efflux in oocytes expressing ferroportin did not differ between iron, cobalt, and zinc strengthens the conclusion that the observed stimulation of cobalt and zinc transport was specific to ferroportin. Further confirming this specificity, treatment of oocytes with the iron-regulatory hormone hepcidin inhibited the efflux of all three metals in oocytes expressing ferroportin but not in control oocytes. Binding of hepcidin by ferroportin triggers the internalization and degradation of ferroportin (39) .
Whereas the cobalt-containing cobalamin vitamers are essential micronutrients in humans, the absorption and metabolic needs of free cobalt are trivial. Whether ferroportin could play any role in mammalian Co metabolism is therefore unclear. Mutations in the plant ferroportin homologs (FPN1 and FPN2, which are expressed in the stele and root of Arabidopsis thaliana) disrupt metabolism both of iron and cobalt, suggesting that both metals are substrates of the plant ferroportins (34) .
Our finding that ferroportin could mediate hepcidin-sensitive zinc efflux in vitro prompted us to examine a role for ferroportin in zinc metabolism. Whereas investigators have 
A:
57 Co efflux rate constants (k) in control oocytes (gray) and oocytes expressing Fpn-EGFP (black) as a function of injectate 57 Co concentration (n ϭ 11-16 per group). Two-way ANOVA revealed an interaction (P Ͻ 0.001); Fpn differed from control at every concentration (P Ͻ 0.001). B:
57 Co efflux rate constants (k) as a function of temperature in control oocytes (gray) and oocytes expressing Fpn-EGFP (black) (n ϭ 10 -12 per group) (injectate [ 57 Co] ϭ 0.5 M). Data were fit by Eq. 3 for Fpn: Ea ϭ 20.7 Ϯ 1.4 kcal/mol, lnA ϭ 37.0 Ϯ 2.3 (r 2 ϭ 0.77, P Ͻ 0.001, n ϭ 68); and control: Ea ϭ 27.9 Ϯ 6.3 kcal/mol, lnA ϭ 45.7 Ϯ 10.7 (r 2 ϭ0.24, P Ͻ 0.001, n ϭ 62). Ea did not differ between Fpn and control (P ϭ 0.25). C: 65 Zn efflux rate constants (k) in control oocytes (gray) and oocytes expressing Fpn-EGFP (black) as a function of injectate 65 Zn concentration (n ϭ 10 -18 per group). Two-way ANOVA revealed an interaction (P Ͻ 0.001); Fpn differed from control at every concentration (P Ͻ 0.001) except 0.5 M (P ϭ 1.0). D:
65 Zn efflux rate constants (k) as a function of temperature in control oocytes (gray) and oocytes expressing Fpn-EGFP (black) (n ϭ 9 -12 per group) (injectate [
65 Zn] ϭ 50 M). Data were fit by Eq. 3 for Fpn: Ea ϭ 20.5 Ϯ 1.8 kcal/mol, lnA ϭ 35.7 Ϯ 3.1 (r 2 ϭ 0.67, P Ͻ 0.001, n ϭ 65); and control: Ea ϭ 6.9 Ϯ 2.9 kcal/mol, lnA ϭ 10.6 Ϯ 4.9 (r 2 ϭ0.080, P Ͻ 0.021, n ϭ 66). Ea differed between Fpn and control (P Ͻ 0.001).
attributed the hypozincemia of inflammation to the interleukin-6 (IL-6)-dependent upregulation of ZIP14 in the liver (25), we considered that an effect of hepcidin on ferroportin expression could additionally contribute to the hypozincemia since IL-6 strongly induces hepcidin production (38, 40) . Whereas hepcidin administration in mice resulted in a marked hypoferremia within 4 h, we observed no effect of hepcidin on serum zinc levels in those same animals. Therefore it is unlikely that ferroportin-mediated zinc efflux contributes appreciably to zinc homeostasis.
The liver represents the largest single pool of zinc that can rapidly exchange with plasma (i.e., within hours) (22) . Ferroportin is expressed at relatively low levels in mammalian hepatocytes (11) , and zinc transporter-1 (ZnT1) probably accounts for the greater fraction of zinc efflux from liver. ZnT1 is also found on the basolateral membrane of enterocytes and, like ferroportin (45) , is responsive to the metal-regulatory transcription factor-1 (MTF-1) (9, 23, 41) . That hepcidin treatment had no effect on serum zinc suggests that the contribution of ferroportin to zinc efflux from hepatocytes and enterocytes is at best modest compared with that of ZnT1. Unlike iron homeostasis, the zinc economy also depends on rapid alterations in zinc secretion into the intestine, leading to changes in net zinc excretion (21) .
Conclusions. Functional expression in Xenopus oocytes reveals that ferroportin is an iron-preferring cellular metalefflux transporter that is sensitive to changes in extracellular pH and temperature. Cobalt and zinc count among its narrow substrate profile; however, whereas hepcidin strongly regulated serum iron levels in the mouse, we found no evidence to suggest that ferroportin participates significantly in zinc homeostasis. 
GRANTS
